Modulation of intracellular guanosine 3 0 ,5 0 -bispyrophosphate ((p)ppGpp) level, the effector of the stringent response, is crucial for survival as well as optimal growth of prokaryotes and, thus, for bacterial pathogenesis and dormancy. In Mycobacterium tuberculosis (Mtb), (p)ppGpp synthesis and degradation are carried out by the bifunctional enzyme MtRel, which consists of 738 residues, including an N-terminal hydrolase-and synthetase-domain (N-terminal domain or NTD) and a C-terminus with a ribosome-binding site. Here, we present the first crystallographic structure of the enzymatically active MtRel NTD determined at 3.7 A resolution. The structure provides insights into the residues of MtRel NTD responsible for nucleotide binding. Small-angle X-ray scattering experiments were performed to investigate the dimeric state of the MtRel NTD and possible substrate-dependent structural alterations.
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Here, we present the first crystallographic structure of the enzymatically active MtRel NTD determined at 3.7 A resolution. The structure provides insights into the residues of MtRel NTD responsible for nucleotide binding. Small-angle X-ray scattering experiments were performed to investigate the dimeric state of the MtRel NTD and possible substrate-dependent structural alterations.
Keywords: hydrolase; Mycobacterium tuberculosis; Rel; stringent response; synthetase; tuberculosis One mode of bacterial resistance to unfavorable host conditions is via the stringent response, a conserved global stress response in bacteria that involves the production of the hyperphosphorylated guanine nucleotides, ppGpp and pppGpp ((p)ppGpp) [1, 2] . In Mtb, the (p)ppGpp-metabolism is controlled by the bifunctional enzyme (p)ppGpp synthase/hydrolase, called MtRel. During amino acid starvation, MtRel catalyzes the transfer of the 5 0 -b,c-pyrophosphate group from ATP to the 3 0 -OH of GTP or GDP [ATP + GTP (GDP) ↔ AMP + (p)ppGpp] to mediate the stringent response which helps the bacterium to survive during nutrient limitation. As amino acid levels return to normal, the stringent response is reversed by MtRel catalyzing the hydrolysis of the pyrophosphate group (PPi) from the 3 0 -OH of both pppGpp and ppGpp, yielding GTP or GDP [(p)-ppGpp ? GTP (GDP) + PPi] [3, 4] . It was demonstrated that the absence of MtRel significantly affected long-term survival of Mtb in vitro as well as in vivo conditions [5, 6] . It has also been observed that persistence of Mtb within host granulomas is directly linked with the MtRel gene function [6] . Furthermore, it has been shown that a DrelMtb strain is unable to cause gross tubercle lesions in animals and showed attenuation in virulence [6] . In addition, MtRel is proposed to play a starvation-induced morphogenetic role in mycobacteria [7] . The enzyme consists of 738 amino acids, including the N-terminal domain (NTD; residues 1-394) which includes a hydrolase-and synthetase sector, enabling Abbreviations HPLC, high-performance liquid chromatography; MM, molecular mass; Mtb, Mycobacterium tuberculosis; NTD, N-terminal domain; PPi, pyrophosphate group; (p)ppGpp, guanosine 3 0 ,5 0 -bispyrophosphate.
the dual function of hydrolysis and synthesis of (p) ppGpp, and the C-terminal ribosome-binding site, composed of the residues 395-738 (Fig. 1 ). The C-terminus contains the TGS-[as found in ThrRS (threonyl tRNA synthetase), GTPase (Obg family GTPases), and Spot)] and ACT-domain (as found first in aspartate kinase, chorismate mutase, and TyrA). The TGS-(residues 400-459) and ACT-domains (residues 657-733) are found to be involved in regulatory aspects of the NTD activities [8] . So far, no low-or high-resolution structure of any individual domain or the entire MtRel protein has been determined. Because of the central role of MtRel in the pathogenic bacterium Mtb, knowledge about its individual structural domains, their mechanism(s) and regulation for maintaining their functions are essential and may provide a platform to design agents against its enzymatic activity, as demonstrated by the recently identified inhibitors targeting the synthetic activity of MtRel [9] . Here, an enzymatically active MtRel NTD was generated, enabling the determination of its first crystallographic structure and its solution shape, revealing a dimeric arrangement in solution. SAXS studies were performed in the presence and absence of substrates to study any overall change in shape of recombinant MtRel NTD.
Materials and methods
Cloning, production, and purification of MtRel NTD The coding region for the residues 1-394 of MtRel was amplified from genomic DNA of Mtb by polymerase chain reaction (PCR) using the forward primer 5 0 -TAG GCC ATG GGG ATG ACC GCC CAG CGC AGC ACC ACC-3 0 and the reverse primer 5 0 -CGC GGA GCT CCT AGT CGT AGC GCA ATG ATT CCA AG-3 0 . For cloning, the restriction sites (underlined) for NcoI and SacI enzymes were used for the forward and reverse primers, respectively. The amplified PCR-products were gel-extracted and ligated into the pET9-d-His6 vector [10] . The coding sequences were verified by DNA sequencing. The final plasmids were subsequently transformed into Escherichia coli BL21 (DE3) cells (Stratagene, San Diego, CA, USA). To express the recombinant proteins, liquid cultures were grown in a shaker incubator in LB medium, containing kanamycin (30 lgÁmL
À1
), for about 4 h at 37°C until an optical density OD 600 of 0.6-0.7 was reached. To induce the production of proteins, cultures were supplemented with isopropyl b-D-1-thiogalactopyranoside to a final concentration of 1 mM, followed by overnight incubation at 15°C.
Cells producing recombinant MtRel NTD were lyzed on ice by sonication with an ultrasonic homogenizer (Bandelin, Berlin, Germany, KE76 tip) for 3 9 1 min in buffer containing 50 mM Tris-HCl, pH 8.5, 350 mM NaCl, 5% glycerol, 0.8 mM DTT, 2 mM Pefabloc SC , and 1 mM phenylmethylsulfonyl fluoride (PMSF) (buffer A). After sonication, the cell lysate was centrifuged at 13 500 g for 35 min at 4°C with an Eppendorf 5810R Centrifuge (Eppendorf, Hamburg, Germany). The resulting supernatant was passed through a filter (0.45 lm; Millipore, Billerica, MA, USA) and supplemented with Ni 2+ -NTA resin pre-equilibrated in buffer A. His-tagged proteins were allowed to bind to the matrix for 1 h at 277 K by mixing on a sample rotator (Neolab, Wilmington, MA, USA). Subsequently, the protein was eluted with an imidazole gradient (10-450 mM). The fractions containing MtRel NTD were identified by SDS/PAGE and further purified by gel filtration chromatography using a Superdex 200 increase HR 10/300 GL column (GE Healthcare, Pittsburgh, PA, USA) with buffer containing 50 mM Tris-HCl, pH 8.5, 350 mM NaCl, 5% glycerol and 1 mM DTT.
Activity analysis of the MtRel NTD using HPLC
The activity of MtRel NTD was determined using ion-pair reverse-phase high-performance liquid chromatography (IP-RP HPLC). The method was adopted from Wilkinson et al. [11] . The samples (40 lL) were injected and chromatographed on a reverse phase column (Agilent Eclipse XDB-C18 4.6 9 150 mm, 5 lm, Santa Clara, CA, USA) at a flow rate of 1 mLÁmin À1 with UV detection at 260 nm.
The mobile aqueous phase having 95% water and 5% methanol and an organic phase having 20% water and 80% methanol were prepared using DMHA (N,N- Data collection and processing of X-ray diffraction data of MtRel NTD A single wavelength dataset for MtRel NTD was collected at the beamline 13B1 at NSRRC, Taiwan. Data were collected as a series of 0.5°oscillation images with 30 s exposure time and a detector distance of 400 mm covering a crystal rotation range of 200°on the cryo cooled crystals at 100 K. All diffraction data were indexed, integrated and scaled using the HKL2000 suite of programs [13] . Due to severe anisotropy in the diffraction pattern, the data were submitted to Diffraction Anisotropy Server to determine the final resolution [14] . The Matthews coefficient [15] was calculated to determine the total solvent content in the crystal packing to determine the number of molecules in the asymmetric unit. The structure was solved by molecular replacement using the Rel NTD from Streptococcus dysgalactiae equisimilis as a model, including the residues 1-393 (SeRel NTD) (PDB ID: 1VJ7; [16] . The high resolution of the data was cut off at 3.7
A based on the DAS and CC 1/2 statistics [17] (correlation coefficient between two random halves of the data set where CC 1/2 > 10%). The CC 1/2 for the highest resolution shell is 98%, supporting our high-resolution cut-off determination. During refinement, however, the R-factor was stalled at 38% and the difference between the observed and predicted structure factors was high even after expanding to the lower symmetry space group P3 2 . Finally, a twinning operator was included in the refinement, lowering the R-factor gap. Several rounds of manual model building were done with COOT [18] and refinement was carried out using REFMAC [19] of CCP4 suite. During refinement, Noncrystallographic symmetry and jelly-body restraints were used. Translation, liberation, Screw restraints were included in the final cycle of refinement. A check on the stereochemical quality of the final model was assessed using PROCHECK [20] . Molprobity analysis [21] indicated that the overall geometry of the final model ranked in the 100th percentile (Molprobity score of 1.62). The clash score for all atoms was 4.47 corresponding to a 100th percentile ranking of structures of comparable resolution. All the figures were drawn using PYMOL [22] . The atomic coordinates and structure factors have been deposited in the Protein Data Bank (PDB ID: 5XNX). Interface areas and solvation energies were calculated by the protein interfaces, surfaces and assemblies service PISA [23] . The presence of a disulfide bond was confirmed by using Ellman's reagent test and the protocol from Thermofisher, Waltham, MA, USA.
Small angle X-ray scattering data collection SAXS-data of MtRel NTD were measured with the BRU-KER NANOSTAR SAXS instrument (Bruker AXS GmbH, Karlsruhe, Germany) equipped with a Metal-Jet X-ray source (Bruker AXS GmbH) and V ANTEC 2000-detector system (Bruker AXS GmbH). The X-ray radiation was generated from a liquid gallium alloy with microfocus electron source (k = 0.13414 nm with a potential of 70 kV and a current of 2.857 mA). The X-ray beam is focused and monochromated using Montel mirrors. The parasitic scattering is eliminated using two pinhole collimation systems. Liquid samples are placed in a sealed quartz capillary, while the solid glassy carbon that is used as a standard is fixed into the path of the beam after the sample. The sample chamber and beam path is evacuated at around 1 Pa and all the measurements were performed at 288 K. The sample to detector distance was set at 0.67 m which covers a range of momentum transfer of 0.16 < q < 4 nm À1 (q = 4p sin(h)/k, where 2h is the scattering angle) [24] [25] [26] . SAXS experiments were carried out at 15°C in a concentration series ranging from 3.1 to 5.0 mgÁmL À1 and in buffer (50 mM Tris-HCl, pH 8.5, 350 mM NaCl, 5% glycerol and 1 mM DTT) for a sample volume of 80 lL in a vacuum tight quartz capillary. The data were collected for 30 min and for each measurement a total of six frames at 5 min intervals were recorded. SAXS measurement for a standard compact globular protein, lysozyme, at a concentration of 5 mgÁmL À1 in buffer containing 100 mM acetic acid, pH 4.5 was also done employing the same strategy as above for comparison. The data were tested for possible radiation damage. The scattering of the buffer was subtracted from the scattering of the sample, and all the scattering data were normalized by the concentration. Similar SAXS experiments of MtRel NTD were done in the presence of the substrates, GTP, ApCpp, GTP + ApCpp, and ppGpp, respectively, at a protein concentration of 3.4-3.5 mgÁmL À1 .
SAXS-data analysis
All the data processing steps were performed using the program package PRIMUS [27, 28] The experimental data obtained for the protein samples were analyzed for aggregation using the Guinier region [29] . The forward scattering I(0) and the radius of gyration, R g , were computed using the Guinier approximation assuming that at very small angles (q < 1.3/R g ) the intensity is represented as I(q) = I(0)Áexp(À(qR g ) 2 /3) [29] . These parameters were also computed from the extended scattering patterns using the indirect transform package GNOM [30] , which provides the distance distribution function P(r) hence the maximum particle dimension, D max , as well as the radius of gyration, R g . Qualitative particle motion was inferred by plotting the scattering patterns in the so-called normalized Kratky plot [31] . Ab initio low-resolution models of the proteins were built by the program DAMMIN [32] considering low angle data (q < 0.2 nm À1 ). The algorithm constructs bead models yielding a scattering profile with the lowest possible discrepancy (v 2 ) to the experimental data while keeping beads interconnected and the model compact. Twenty independent ab initio reconstructions were performed for the protein and then averaged using DAMAVER [33] . The average excluded volume V ex computed using DAMAVER, was further used to estimate the molecular mass (MM) of the protein [34] . Superimposition between ab initio reconstruction and atomic model was performed using the software SUPCOMB [35] . The theoretical scattering curves from atomic structures were generated and evaluated against experimental scattering curves using CRYSOL [36] .
The molecular mass of the protein can be estimated in several ways from the SAXS data and cross-validation between them is very important in order to determine the oligomeric state of the protein. The MM was determined from the forward scattering of the sample I(0), by comparison with a reference protein, lysozyme [37] . This method is limited by the accurate measurement of protein concentration and specific volume and the assumption of a compact near-spherical shape, which leads to error in the MM determination by about 10-15% [37] . Alternatively, the MM was estimated from the scattering data based on the excluded (i.e., hydrated) particle volume, V p , which are although independent of concentration, break down when applied to flexible molecules and therefore gives an inaccuracy of about 20% [34, 38] . The MM determination using the volume of correlation, V c (defined as the ratio of I(0), to its total scattered intensity) is contrast and concentration independent and shown to have 5% error [39] . The MM estimated for MtRel (Table 1 ) confirms the dimeric state of the protein.
Results and Discussion

Purification of MtRel NTD
The recombinant protein MtRel NTD was purified as described in Material and methods. Further purification was performed using gel filtration column (Superdex TM 200 HR 10/300 GL column), and the elution diagram is shown in Fig. 2 . The peak containing MtRel NTD was identified from the SDS/PAGE and the fractions corresponding to the top 15% of the peak (highlighted as shaded area in Fig. 2 ) were pooled and concentrated. Inspection of the SDS-gel revealed the high purity of recombinant MtRel 1-394 (inset of Fig. 2 ).
HPLC studies of catalytically active MtRel NTD Functional characterization of the entire MtRel has been explored in detail by Avarbock et al. [40] . Through truncations and biochemical studies, they revealed that the N-terminal domain of the bifunctional Rel protein (RSH) possesses both the synthetase-and hydrolase domain. Recent studies have also extended this characterization [41] . So far in all the activity studies, radio-labeling has been the main technique of choice. In this study, we adopted a timecourse HPLC experiment from Wilkinson et al. [11] in order to confirm whether our purified protein is catalytically active. The ion-pairing agent DMHA (N,Ndimethylhexylamine) was used to counteract the poor retention issues with the highly polar nucleotides to be studied. To explore the synthesis activity of the recombinant protein, the substrates ATP and GTP were provided and aliquots of the reaction mixture were taken at different time points. From the chromatograph shown in Fig. 3A , different peaks corresponding to different nucleotides were observed. Around a retention time of 7 min, most of the buffer salts eluted. At time zero, two notable peaks eluted at about 18 and 21 min. According to a previous experiment by Wilkinson et al. [11] , these peaks correspond to GTP and ATP, respectively. As the reaction proceeds, two peaks were observed, one eluting after 5 min and a double peak, which eluted after 25 min (shown as an insert). The double peak represents the product ((p) ppGpp) of the synthesis reaction. The peak was identified to be (p)ppGpp as the standard for (p)ppGpp (data not shown) eluted with the similar retention time and was also in-line with the retention time reported by Wilkinson et al. [11] . The group reported that the two partially overlapping peaks were the result of slow degradation of pppGpp into ppGpp [11] . The long retention time of both molecules is due to their high charged properties. This is in line with the less charged AMP molecule which eluted earlier (peak at 5 min). To compare the changes in the various nucleotide compositions, the chromatographs of all the time points were superimposed and presented in Fig. 3B . The data reveal that the peak intensity decrease of both GTP and ATP correlates well with the appearance of (p)ppGpp over the time course of 60 min. A zoomed in figure (Fig. 3C) shows the decrease of the substrates intensity as the reaction proceeds. In addition, a corresponding gradual appearance of the AMP-peak could be observed, confirming the by-product formation of AMP in (p)ppGpp synthesis. These observations demonstrate that the recombinant MtRel NTD is in its catalytically active conformation.
Crystallographic structure of MtRel NTD
To shed light into the atomic structure of the MtRel NTD, the recombinant protein was successfully crystallized. The crystals belonged to the trigonal space group P3 2 with unit cell parameters of a = b = 161.71
A and c = 75.56 A at a resolution of 3.7
A. The Matthews coefficient [15] , confirms the presence of four molecules in the asymmetric unit as shown in Fig. 4A , with a V M value of 3.22
and a corresponding solvent content of 61.79%. The final R-factor and R-free (calculated with 5% of reflections that were not included in the refinement) were 35% and 36.7%, respectively. The results of data processing and refinement statistics for MtRel NTD are summarized in Table 2 . The average B-factor was calculated to be 107. 24 A 2 . Validation of the stereochemical quality of the final model was done by MOL-PROBITY, which identified 94% of all the residues within the core regions of the Ramachandran plot, and 6% within the allowed regions.
Each monomer of MtRel NTD contains approximately 323 residues that fit well in the electron density map. The loop regions from 41-53, 115-137, and 348-363 are not visible in the density map and were not modeled for all the four chains. The electron densities for the side chains were not very well resolved. The overall structure of MtRel NTD (Fig. 4B) consists of two catalytic domains, the hydrolase and synthetase that are connected by an overlapping three helix bundle found to be conserved among RSH proteins. The alpha helical hydrolase domain consists of eleven helices out of which a 1 to a 4 form a helix bundle required for the hydrolysis activity of the enzyme. The binding pocket of the substrate (p) ppGpp is present in the region 41-53 that connects a 2 to a 3 . These residues are not resolved in the structure due to the poor electron density in this region. The residues H80 and D81 (HD-motif), which are conserved among the superfamily of metal-dependent phophohydrolases, are present in the b-turn that connects helix a 4 with a 5 (Fig. 4C) . The hydrolase domain overlaps with the synthetase domain by a three helix bundle (136-197) formed by a 8 , a 9 /a 10 , and a 11 . A kink formed by P174 separates the two helices a 9 and a 10 , which have a common axis, and thus preventing the formation of a continuous helix. The hydrolase domain (1-181) of MtRel, comprising of helices 1-11, forms a catalytic domain which is conserved structurally among the proteins of the HD superfamily. The catalytic tetrad (H-Xn-HD-Xn-D), responsible for binding to the divalent ions among the hydrolase domains, is also found to be conserved in MtRel NTD. As most of the residues conserved in this domain are either aspartates or histidines, it is quite evident that the hydrolase activity of the domain is dependent on the coordination of divalent metal ions (cations) [42] . The residues (87-394) form the synthetase domain that exhibits a conserved fold found among nucleotidyltransferase superfamily proteins. It consists of five b-strands (b 1 -b 5 ) forming a mixed b-sheet, and sandwiched between five a-helices (a 13 -a 17 ) . The last a-helix of the synthetase domain (a 18 ) is formed by residues 363-374. The proposed ligand binding site (G241, R242, D265, Y300, H313, E325, Q327, and H344), shown in Fig. 4C of the synthetase domain, is interspersed in the b-sheet, which forms a solvent accessible cavity along with a 14 [40, 41] . , respectively. The red arrow is pointed toward the loop region between a 8 and a 9 in the 3-helical bundle helix, which is stabilized in the nucleotide-bound form of SeRel NTD.
Intermolecular analysis
The crystal structure of MtRel NTD forms a stable dimer as revealed by PDBePISA sever [43] , with the complex formation significance score (CSS) of 0.68 (Fig. 4D) . Chains B and C within the asymmetric unit forms one dimer and chains A and D form another dimer with symmetry-related molecules. The two subunits in the dimer form an extended head to head orientation and upon dimer formation, a total surface area of 2002 A 2 becomes buried at the dimer interface. The Cterminal helix a 16 and the loop joining b 3 and b 4 are found to be involved in hydrogen bonding and forming salt bridges between the two chains at the dimer interface. Residues R277 and D278 of both subunits stabilize the dimer interface through salt bridge interaction. Moreover, residue D299 of one subunit and S288 of other subunit forms a hydrogen bond with a distance of 2.63 A, in addition to many hydrophobic and van der Waals interactions. In the crystal lattice, these MtRel NTD dimers form a helical packing in three dimension. Comparison of MtRel NTD with SeRel NTD In comparison, the crystal structure of the homolog SeRel revealed two monomers with each locked in a different conformation state. One conformer represents a nucleotide-free and so-called hydrolase-ON/synthetase-OFF form, whereby the second conformer shows the nucleotide-bound and hydrolase-OFF/synthetase-ON form [16] . A PDBeFold analysis [23] showed a significant structural alignment between the MtRel NTD (chain A) and the nucleotide-free (Z = 12.4 and r.m.s.d. = 1.67, for 326 residues) and nucleotide-bound form (Z = 14.4 and r.m.s.d. = 1.92, for 310 residues) of the SeRel NTD, respectively (Fig. 4E,G) . However, the comparison between the NTDs of the two Rel proteins reveals striking differences prevailing in the Cterminal region of the synthetase domain, including residues 366 DDMAWMRQLLDWQREAA 382 as shown in Fig. 4F . While the mycobacterial protein reveals an entire a-helix formed by the peptide 366 DDMAWMRQLLDWQREAA 382 , a short helix formed by the amino acids 363 NWIKELVEL 371 was observed for the SeNTD. This region connects the synthetase domain with the so-called TGS-domain of the C-terminus of MtRel, described to be responsible for (Fig. 4G) . The dimer interface is primarily stabilized by hydrogen bonds and salt bridges. The residues R277 and D278 located in helices a 16 and a 16' are involved in salt bridge and hydrogen bonding which stabilizes the dimer interface. Amino acid D278 is conserved in the RSH family and involved in nucleotide binding as shown in the Fig. 4D . In addition, residue C279, which is adjacent to the conserved nucleotide binding D278, is also conserved and is in very close proximity to C273 inside b2, to form a possible intradisulfide bond. However, both cysteine residues are reduced in the presented structure, since the protein was purified and crystallized under reduced conditions (50 mM Tris-HCl, pH 8.5, 350 mM NaCl, 5% glycerol and 1 mM DTT). Ellman's assay was performed to confirm the presence of disulfide bond formation between C273 and C279 in the absence of a reducing agent (data not shown). Interestingly, the cysteine residue of the 279 CY 280 -motif, which is conserved among the RSH protein family, is substituted in the related SeRel NTD by a valine. Fluorescence resonance energy transfer experiments reveal that the distance between the NTD C278 (equivalent to MtRel C279) and CTD C633 of Rel in Mycobacterium smegmatis increases upon binding of deacylated tRNA, indicating that upon uncharged tRNA binding, a conformational change occurs which abolishes the interaction between C633 and the active site of the NTD, and helps in regulating the synthetase activity [45] .
Another major difference can be seen in the loop region between b3 and b4, including residues 293 MAGRFKDYIAQPRYGVYQSL 312 , which encloses two conserved nucleotide pockets with the KDY-and NGYQSL/IH-motif, respectively. In MtRel NTD, the residues NG of the NGYQSL/IH-motif are substituted by the amino acids G307 and V308, respectively. Interestingly, the counterpart of the mycobacterial G307 in SeRel NTD is residue N306, which forms a hydrogen bond with the guanine base of GDP (Fig. 4G) . Furthermore, amino acid K304 of the SeRel NTD is also involved in guanine base recognition, which is replaced by arginine in the MtRel NTD, whereas the phenolic ring of the highly conserved Y308 of SeRel stacks against the guanine base (Fig. 4G) . The conserved 298 KDY 300 is involved in binding with the phosphate moiety of GDP [16] . The comparison reflects, that the nucleotide-binding mode might be different in the mycobacterial Rel protein.
Importantly, the novel nucleotide-free MtRel NTD provides insights into the loop of residues 152 TMRFLPPE 159 between a 8 and a 9 , which is missing in the nucleotide-free SeRel NTD form. In comparison, this loop is stabilized in the nucleotide bound state of SeRel NTD, and sandwiched between two nucleotidebinding pockets of the hydrolase domain. In contrast, the loop including the RXSGD/EPYI nucleotide-binding motif between helix a 2 and a 3 of the SeRel NTD structure is missing in the MtRel NTD counterpart.
Dimeric solution structure of the MtRel NTD
In order to understand the oligomeric state and flexibility of the catalytically active MtRel NTD in solution, SAXS The Guinier plots at low angles appeared linear and confirmed good data quality with no indication of protein aggregation (Fig. 5A, inset) . The derived R g for MtRel NTD was determined to be 36.29 AE 0.57 A ( Table 1 ). The P(r) function showed a single peak with a small tail (Fig. 5B) with the maximum particle dimension (D max ) of 120.9 AE 12 A, indicating that MtRel NTD is elongated in solution. The R g -value extracted from the P(r) function was 36.76 AE 0. 33 A, which is in agreement with the R g -values extracted from the Guinier region. The SAXS-data were further analyzed to access the potential flexibility in the protein. The normalized Kratky plot provides the information about the conformational behavior of examined particle. For a well-folded globular protein likes lysozyme, the plot will show a well-defined bell curve profile as seen in Fig. 5C . In comparison, the normalized Kratky plot of MtRel NTD exhibited a broad bell-shaped profile shifted toward the right with respect to standard globular proteins, indicating the presence of slight motion as well as extended nature of MtRel NTD [31, 46] .
The low-resolution shape of MtRel NTD was reconstructed ab initio using DAMMIN [32] , and the final averaged model with a normalized spatial discrepancy (NSD) of 0.70 AE 0.02 is shown in Fig. 5D . The MW estimated using various programs confirmed the dimeric nature of MtRel NTD. The present crystal structure of MtRel NTD forms a stable dimer with an extended head to head orientation and the C-terminal helix a 16 and the loop joining b 3 and b 4 are found to be involved in the dimer interface. The overall structures of both the subunits are very similar with an r.m.s. deviation of 0. 23 A. The dimer orientation of MtRel NTD fits the solution experimental data presented with a v 2 value of 1.0 (Fig. 5E ) and superimposes nicely on to the solution shape with NSD of 1.2 (Fig. 5D) . Moreover, the R gvalue and the diameter of the crystal dimer, 36.2 and 120 A, respectively, is comparable to the solution R g and D max values (36.29 AE 0.57 A and 120.9 AE 12 A, respectively) confirming the dimer formation in solution. In contrast to the mycobacterial protein, the crystal structure of the related SeRel NTD (PDB ID: 1VJ7) does not form a stable dimer and has two molecules of different conformational states as pointed out above [16] .
Solution studies of MtRel NTD in the presence of substrates In order to investigate a possible effect of substrate binding to the overall shape or oligomeric state of MtRel NTD, SAXS experiments of MtRel NTD were performed in the presence of GTP, ApCpp, GTP + ApCpp, and ppGpp, respectively. The scattering profiles and distance distribution curve of the substrate-free enzyme and in the presence of different substrates are shown in Fig. 6A ,B. No protein aggregation was observed in all the data collected. As shown in Table 3 A. The data reflect that substrate binding to MtRel NTD does not alter significantly the overall dimensions and dimeric state of the enzyme. 
